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(57) ABSTRACT

According to one embodiment, a semiconductor memory
device includes: a substrate; a stacked body including a plu-
rality of electrode layers and a plurality of insulating layers,
both of them being alternately stacked on the substrate; a cap
film provided in contact with the electrode layer within a hole
formed to penetrate the stacked body; an insulating film pro-
vided on a side wall of the cap film and including a charge
accumulation film; and a channel body provided on a side
wall of the insulating film. The cap film includes a protrusion
portion protruding toward the insulating film. In the cap film,
a film thickness of a portion where the protrusion portion is
provided in a direction in which the protrusion portion pro-
trudes is larger than a film thickness of the other portions
where the protrusion portion is not provided.

10 Claims, 11 Drawing Sheets
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1
SEMICONDUCTOR MEMORY DEVICE AND
METHOD FOR MANUFACTURING THE
SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based upon and claims the benefit of
priority from the prior Japanese Patent Application No. 2011-
266996, filed on Dec. 6, 2011, the entire contents of which are
incorporated herein by reference.

FIELD

Embodiments described herein relate generally to a semi-
conductor memory device and a method for manufacturing
the same.

BACKGROUND

A three-dimensionally structured memory device is pro-
posed in which a memory hole is formed in a stacked body
where a plurality of electrode layers functioning as a control
gate in a memory cell and insulating layers are alternately
stacked, and in which a silicon body serving as a channel
through a charge accumulation film is provided on a side wall
of the memory hole.

In the three-dimensionally structured memory device
described above, there is a concern that an electric field is
concentrated in part (for example, a corner portion) of the
electrode layer, and thus the endurance (repeated rewrite)
characteristic is degraded.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic perspective view of a memory cell
array 1 in a semiconductor memory device of the embodi-
ment;

FIG. 2A is a schematic cross-sectional view of a memory
cell according to a first embodiment;

FIG. 2B is a schematic perspective view of the memory
cell;

FIGS. 3A to 8B are schematic views showing a method of
manufacturing a memory array in the semiconductor memory
device of the first embodiment;

FIG. 9 is a schematic cross-sectional view of a memory cell
according to a second embodiment;

FIGS. 10A and 10B show steps in the formation of the cap
film 31; and

FIGS. 11A and 11B are schematic cross-sectional views of
a memory cell according to a third embodiment.

DETAILED DESCRIPTION

In general, according to one embodiment, a semiconductor
memory device includes: a substrate; a stacked body includ-
ing a plurality of electrode layers and a plurality of insulating
layers, both of them being alternately stacked on the sub-
strate; a cap film provided in contact with the electrode layer
within a hole formed to penetrate the stacked body; an insu-
lating film provided on a side wall of the cap film and includ-
ing a charge accumulation film; and a channel body provided
on a side wall of the insulating film. The cap film includes a
protrusion portion protruding toward the insulating film. In
the cap film, a film thickness of a portion where the protrusion
portion is provided in a direction in which the protrusion
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portion protrudes is larger than a film thickness of the other
portions where the protrusion portion is not provided.

According to another embodiment, a semiconductor
memory device includes: a substrate; a stacked body includ-
ing a plurality of electrode layers and a plurality of insulating
layers, both of them being alternately stacked on the sub-
strate; a cap film provided in contact with the electrode layer
within a hole formed to penetrate the stacked body; an insu-
lating film provided on a side wall of the cap film and includ-
ing a charge accumulation film; and a channel body provided
on a side wall of the insulating film. The electrode layer
includes a corner portion continuous to an end portion in a
direction of thickness. The cap film includes a corner portion
covering the corner portion of the electrode layer. A curvature
of the corner portion of the electrode layer is lower than a
curvature of the corner portion of the cap film. A film thick-
ness of the corner portion of the cap film is larger than a film
thickness of portions other than the corner portion of the cap
film.

According to another embodiment, a method of manufac-
turing a semiconductor memory device includes: stacking a
plurality of electrode layers on a substrate; forming a hole
penetrating the electrode layers in a direction of stacking of
the plurality of electrode layers; and introducing a reactive
species of the electrode layers into a side wall on a side of the
hole in the electrode layers and a corner portion continuous to
the side wall and forming a cap film on the side wall and the
corner portion such that a film thickness of the cap film is
larger in the corner portion than in the side wall.

Embodiments of the invention will now be described with
reference to the drawings. In the drawings, the same compo-
nents are marked with like reference numerals.

FIG. 1 is a schematic perspective view of a memory cell
array 1 in a semiconductor memory device of the embodi-
ment. In FIG. 1, in order for the figure to be made visible, an
insulating portion is not illustrated.

In FIG. 1, for ease of description, an XYZ orthogonal
coordinate system is introduced. In this coordinate system,
two directions that are parallel to the major surface of a
substrate 10 and that are perpendicular to each other are
referred to as an X direction and aY direction, and a direction
perpendicular to both the X direction and the Y direction is
referred to as a Z direction.

FIG. 6B is a schematic cross-sectional view of the memory
cell array 1.

Electrode layers represented in FIG. 1 by reference numer-
als WL1D, WL2D, WL3D, WL4D, WL1S, WL2S, WL3S and
WLAS are not individually represented in the other drawings,
and are simply represented by an electrode layer WL.

On the substrate 10, through an insulating layer 11 (shown
in FIG. 3A), a back gate BG is provided. As the back gate BG,
for example, a silicon layer to which an impurity is added and
is conductive can be used.

In FIG. 6B, the substrate 10 is not shown, and the back gate
BG and components on the back gate BG are shown.

On the back gate BG, as shown in FIG. 6B, an insulating
layer 41 is provided. On the insulating layer 41, a stacked
body including a plurality of electrode layers WL and a plu-
rality of insulating layers 25 is provided. The electrode layers
WL and the insulating layers 25 are alternately stacked. The
number of layers in the electrode layers WL is arbitrary; it is
not limited to four.

In FIG. 1, the electrode layer WL1D and the electrode layer
WLI1S are provided in the same layer, and are the first elec-
trode layer from the bottom (from the side of the substrate 10).
The electrode layer WL.2D and the electrode layer WL2S are
provided in the same layer, and are the second electrode layer
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from the bottom. The electrode layer WL.3D and the electrode
layer WL3S are provided in the same layer, and are the third
electrode layer from the bottom. The electrode layer WL4D
and the electrode layer WL4S are provided in the same layer,
and are the fourth electrode layer from the bottom.

The electrode layer WL1D and the electrode layer WL1S
are separated in the Y direction. The electrode layer WL2D
and the electrode layer WL2S are separated in the Y direction.
The electrode layer WL3D and the electrode layer WL3S are
separated in the Y direction. The electrode layer WL4D and
the electrode layer WL4S are separated in the Y direction.

Insulating films 45 shown in FIG. 6B are provided between
the electrode layer WL1D and the electrode layer WL1S,
between the electrode layer WL.2D and the electrode layer
WL2S, between the electrode layer WL3D and the electrode
layer WL3S and between the electrode layer WL4D and the
electrode layer WL4S.

The electrode layers WL1D to WL4D are provided
between the back gate BG and a drain side selection gate
SGD. The electrode layers WL1S to WL4S are provided
between the back gate BG and a source side selection gate
SGS.

As the electrode layers WL, for example, a silicon layer to
which an impurity is added and is conductive can be used. As
the insulating layers 25, for example, an insulating material
including a silicon oxide can be used.

On the electrode layer WL4D, the drain side selection gate
SGD is provided. As the drain side selection gate SGD, for
example, a silicon layer to which an impurity is added and is
conductive can be used.

On the electrode layer WL4S, the source side selection gate
SGS is provided. As the source side selection gate SGS, for
example, a silicon layer to which an impurity is added and is
conductive can be used.

The drain side selection gate SGD and the source side
selection gate SGS are separated in the Y direction. In the
following description, the drain side selection gate SGD and
the source side selection gate SGS may not be distinguished
and be simply referred to a selection gate SG.

On the source side selection gate SGS, a source line SL is
provided. As the source line SL, for example, a metal layer
can be used.

On the drain side selection gate SGD and the source line
SL, bit lines BL that are a plurality of metal wirings are
provided. Each of bit lines BL extents in the Y direction.

In the back gate BG and the stacked body on the back gate
BG, a plurality of U-shaped memory holes MH shown in FIG.
5B are formed. In the drain side selection gate SGD and the
electrode layers WL (the electrode layers WL1D to WL4D in
FIG. 1) stacked below them, holes h that penetrate them and
extend in the Z direction are formed. In the source side selec-
tion gate SGS and the electrode layers WL (the electrode
layers WL1S to WL4S in FIG. 1) stacked below them, holes
h that penetrate them and extend in the Z direction are formed.
The pair of holes h extending in the Z direction are connected
through grooves 81 formed within the back gate BG, and
constitute the U-shaped memory holes MH.

Within the memory holes MH, channel bodies 20 shown in
FIG. 6B are provided. As the channel bodies 20, for example,
asilicon film can be used. Between the channel bodies 20 and
the inner walls of the memory holes MH, insulating films 30
including a cap film, a block film, a charge accumulation film
and a tunnel film, which will be described later, are provided.

As shown in FIG. 6B, between the drain side selection gate
SGD and the channel bodies 20, gate insulating films 35 are
provided, and between the source side selection gate SGS and
the channel bodies 20, gate insulating films 36 are provided.
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First Embodiment

FIG. 2A is a schematic cross-sectional view of a memory
cell according to a first embodiment; FIG. 2B is a schematic
perspective view of the memory cell.

Between the individual electrode layers WL and the chan-
nel bodies 20 in the memory cell, the cap film 31, the block
film 32, the charge accumulation film 33 and the tunnel film
34 are provided in this order from the side of the electrode
layers WL.

Between the electrode layers WL adjacent in the direction
in which they are stacked, the cap film 31, the block film 32,
the charge accumulation film 33 and the tunnel film 34 are
provided in this order from the side of the electrode layers
WL; these stacked films correspond to the insulating layers 25
of FIG. 6B. The insulating layers 25 may have a single-layer
structure.

The cap film 31 is connected to the electrode layer WL.
Specifically, as described later, the surface of the electrode
layer WL, which is a silicon layer, is nitrided, and thus a
silicon nitride film is formed as the cap film 31.

On the side wall on the side of the center axis of the
memory hole MH in the cap film 31, the block film 32 is
provided. On the side wall on the side of the center axis of the
memory hole MH in the block film 32, the charge accumula-
tion film 33 is provided. On the side wall on the side of the
center axis of the memory hole MH in the charge accumula-
tion film 33, the tunnel film 34 is provided. Onthe side wall on
the side of the center axis of the memory hole MH in the
tunnel film 34, the channel body 20 is provided; the tunnel
film 34 is connected to the channel body 20.

Inside the channel body 20 within the memory hole MH,
the insulating body 36 is provided. The insulating body 36 is,
for example, a silicon oxide film, a silicon oxynitride film or
a hole.

As shown in FIG. 2B, the insulating body 36 is cylindri-
cally surrounded by the channel body 20, the channel body 20
is cylindrically surrounded by the tunnel film 34, the tunnel
film 34 is cylindrically surrounded by the charge accumula-
tion film 33, the charge accumulation film 33 is cylindrically
surrounded by the block film 32, the block film 32 is cylin-
drically surrounded by the cap film 31 and the cap film 31 is
cylindrically surrounded by the electrode layer WL.

The channel body 20 functions as a channel of the memory
cell, the electrode layer WL functions as a control gate and the
charge accumulation film 33 functions as a data storage layer
in which charge injected from the channel body 20 is accu-
mulated. In a portion where the channel body 20 intersects
each electrode layer WL, the memory cell having a structure
in which the control gate surrounds the channel is formed.

The semiconductor memory device of the embodiment is a
nonvolatile semiconductor memory device that can electri-
cally freely delete and write data and that can hold the content
of storage even if power is turned off.

The memory cell is, for example, a charge trap type
memory cell. The charge accumulation film 33 has a large
number of trap sites that capture charge; for example, a silicon
nitride film or a silicon oxynitride film can be used.

As the tunnel film 34, for example, a silicon oxide film or
a silicon oxynitride film can be used; the tunnel film 34 serves
as a potential barrier when charge is injected from the channel
body 20 into the charge accumulation film 33 or when charge
accumulated in the charge accumulation film 33 is diffused
into the channel bodies 20.

The block film 32 and the cap film 31 prevent the diffusion
of'the charge accumulated in the charge accumulation film 33
into the electrode layer WL.
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As the block film 32, for example, an aluminum oxide
(alumina) film, a silicon oxide film or a silicon oxynitride film
can be used.

As the cap film 31, a film that has a higher nitrogen con-
centration than the block film 32 is used; the cap film 31
blocks charge against the electrode layer WL more than the
block film 32. As the cap film 31, for example, a silicon nitride
film, a silicon oxide film or a silicon oxynitride film can be
used. Among them, a silicon nitride film significantly blocks
charge.

As described later, a reactive species with the electrode
layer WL is introduced into the electrode layer WL, and thus
the cap film 31 is formed. As the reactive species, for example,
nitrogen or oxygen can be used. For example, the electrode
layer WL, which is a silicon layer, is nitrided, and thus a
silicon nitride film is formed as the cap film 31. Alternatively,
the electrode layer WL, which is a silicon layer is oxidized,
and thus a silicon oxide film is formed as the cap film 31.
Alternatively, the electrode layer WL, which is a silicon layer
is oxynitrided, and thus a silicon oxynitride film is formed as
the cap film 31.

The drain side selection gate SGD, the channel body 20 and
the gate insulating film 35 therebetween constitute a drain
side selection transistor. The channel body 20 of the drain side
selection transistor is connected to the bit line BL.

The source side selection gate SGS, the channel body 20
and the gate insulating film 36 therebetween constitute a
source side selection transistor. The channel body 20 of the
source side selection transistor is connected to the source line
SL.

The back gate BG, the channel body 20 provided within the
back gate BG and the insulating film 30 constitute a back gate
transistor.

Between the drain side selection transistor and the back
gate transistor, a plurality of memory cells in which the elec-
trode layers WL4D to WL1D are used as the control gates are
provided. Likewise, between the back gate transistor and the
source side selection transistor, a plurality of memory cells in
which the electrode layers WL1S to WL4S are used as the
control gates are provided.

The plurality of memory cells, the drain side selection
transistor, the back gate transistor and the source side selec-
tion transistor are connected in series through the channel
body 20, and constitute a U-shaped memory string MS.

The memory string MS includes: a pair of columnar por-
tions CL extending in a direction in which the stacked body
including a plurality of electrode layers WL is stacked; and a
joint portion JP that is embedded in the back gate BG and that
connects the lower ends of the pair of columnar portions CL.
A plurality of memory strings MS described above are
aligned in the X direction and Y direction, and thus a plurality
of memory cells are three-dimensionally provided in the X
direction, the Y direction and the Z direction.

In the first embodiment, as shown in FIG. 2A, each of the
electrode layers WL has a corner portion 70 that is continuous
to the end portion of a side wall, in the direction of the
thickness (direction of the stacking), facing the memory hole
MH. In other words, the corner portion 70 is continuous from
the side wall on the side of the memory hole MH of each of the
electrode layers WL to the interface with the insulating layer
25.

In a corner portion of the cap film 31 covering the corner
portion 70 of the electrode layer WL, a protrusion portion 61
that protrudes to the side of the block film 32 is provided. In
the cap film 31, the film thickness a of a portion of the
protrusion portion 61, in the direction of the protrusion,
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where the protrusion portion 61 is provided is more than the
film thickness b of the other portions where the protrusion
portion 61 is not provided.

The corner portion 70 of the electrode layer WL is formed
in the shape of a curved surface; the curvature of the corner
portion 70 of the electrode layer WL (the curvature of the
interface between the corner portion 70 of the electrode layer
WL and the cap film 31) is less than the curvature of the
protrusion portion 61 (the curvature of the interface between
the protrusion portion 61 and the block film 32).

An electric field is more likely to be concentrated in the
protrusion portion 61. Hence, as compared with a case where
there is no protrusion portion 61, a high electric field is more
likely to be induced in the memory cell, and thus it is possible
to perform writing and deletion at a lower voltage and
enhance the operation speed of writing and deletion.

The electric field in the corner portion 70 of the electrode
layer WL is easily increased as compared with the other
portions. Hence, the protrusion portion 61 is provided in the
corner portion 70 of the electrode layer WL, and thus an
electric field assist effect resulting from the protrusion por-
tion 61 is easily facilitated.

In the cap film 31, the film thickness of the portion where
the protrusion portion 61 is provided is more than that of the
other portions. The curvature of the corner portion 70 of the
electrode layer WL where the protrusion portion 61 is pro-
vided is less than that of the protrusion portion 61. Thus, it is
possible to reduce the degradation of the portion of the cap
film 31 where the protrusion portion 61 is provided, resulting
from the excessive concentration of the electric field and to
reduce the decrease in the endurance (repeated rewriting)
characteristic.

In other words, in the first embodiment, it is possible to
enhance the operation speed and reduce the operation voltage
and to provide a highly reliable semiconductor memory
device.

A method of manufacturing a memory array in the semi-
conductor memory device of the first embodiment will now
be described with reference to FIGS. 3A to 8B.

As shown in FIG. 3A, the back gate BG is provided on the
substrate 10 through an insulating layer 11. In the process
cross-sectional views of FIG. 3B and the following figures,
the substrate 10 and the insulating layer 11 are not shown.

A resist 94 is formed on the back gate BG. The resist 94 is
patterned, and thus openings 94q are selectively formed in the
resist 94.

The resist 94 is masked, and the back gate BG is selectively
dry etched. Thus, as shown in FIG. 3B, grooves (or concave
portions) 81 are formed in the back gate BG.

As shown in FIG. 3C, a sacrifice film 82 is embedded
within the grooves 81. As the sacrifice film 82, a material that
has an etching selectivity with the back gate BG is used.
Thereafter, the sacrifice film 82 is subjected to overall etch-
ing, and thus the upper surface of the back gate BG between
the grooves 81 is exposed as shown in FIG. 3D.

On the back gate BG and the sacrifice film 82, as shown in
FIG. 4A, the insulating layer 41 is formed; on the insulating
layer 41, the electrode layer WL and a non-doped silicon layer
42 are alternately stacked a plurality of times.

The electrode layer WL is a silicon layer to which an
impurity is added and which is conductive. The non-doped
silicon layer 42 formed between the electrode layers WL
functions as the sacrifice film that is finally replaced with the
insulating layer 25 shown in FIGS. 6A and 6B in a process
described later. An insulating layer 43 is formed on the upper-
most electrode layer WL.
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Grooves that reach the insulating layer 41 are formed in the
stacked body. The grooves are formed on the sacrifice film 82.
The insulating films 45 shown in FIG. 4B are embedded
within the grooves.

The insulating films 45 are embedded in the grooves, and
then the uppermost insulating layer 43 of the stacked body is
exposed by overall etching. On the insulating layer 43, as
shown in FIG. 4C, an insulating layer 46 is formed. Further-
more, the selection gate SG is formed on the insulating layer
46, and an insulating layer 47 is formed on the selection gate
SG.

Thereafter, as shown in FIG. 5A, in the stacked body on the
back gate BG, holes h are formed. The holes h are formed by,
for example, a reactive ion etching (RIE) method using an
unillustrated mask. The lower ends of the holes h reach the
sacrifice films 82, and the sacrifice films 824 are exposed to
the bottom portions of the holes h.

After the formation of the holes h, the sacrifice films 82 are
removed by, for example, wet etching. Thus, the sacrifice
films 82 are removed as shown in FIG. 5B. The non-doped
silicon layers 42 between the electrode layers WL are also
removed through the holes h, and spaces 26 are formed
between the electrode layers WL. The sacrifice films 82 and
the non-doped silicon layers 42 can be removed simulta-
neously in the same etching process or can be removed in
different etching processes.

The back gate BG, the electrode layer WL and the selection
gate SG are made of materials different from those of the
sacrifice film 82 and the non-doped silicon layer 42, and are
not removed when the etching described above is performed.

As shown in FI1G. 5B, the grooves 81 are formed in the back
gate BG by the removal of the sacrifice films 82. The lower
ends of a pair of holes h are connected to one groove 81. In
other words, each of the lower ends of the pair of holes h are
connected to one common groove 81, and thus one U-shaped
memory hole MH is formed.

After the formation of the memory holes MH, as shown in
FIG. 6A, the insulating layers 25 are formed between the
electrode layers WL, and furthermore, the insulating films 30
described above are formed on the inner walls of the memory
holes MH.

Inthe first embodiment, the protrusion portion 61 is formed
on the cap film 31; the method of forming it will be described
later with reference to FIGS. 7A to 8B.

The gate insulating films 35 and 36 are formed on the side
walls of the memory holes MH that are exposed to the selec-
tion gate SG.

Furthermore, inside the insulating films 30 and the gate
insulating films 35, 36 within the memory holes MH, as the
channel bodies 20, silicon films are formed. Thereafter, over-
all etching is performed to make the surface of the insulating
layer 47 exposed.

Then, as shown in FIG. 6B, by photolithograph and etch-
ing, grooves that reach the insulating layer 46 are formed in
the insulating layer 47 and the selection gate SG. Thus, the
selection gate SG is divided into the drain side selection gate
SGD and the source side selection gate SGS. Furthermore,
the source line SL, the bit line BL and the like shown in FIG.
1 are formed.

The method of forming the protrusion portion 61 of the cap
film 31 will now be described.

In the formation of the protrusion portion 61 of the cap film
31, processing for forming the protrusion portion on the elec-
trode layer WL is first performed, and then the protrusion
portion on the electrode layer WL is nitrided into the protru-
sion portion 61 of a silicon nitride film.
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FIG. 7A shows a state where the hole h and the spaces
between electrodes 26 have been formed.

After the formation of the hole h and the spaces between
electrodes 26, the electrode layers WL are wet-etched, and
thus as shown in FIG. 7B, on the corner portions of the
electrode layers WL, protrusion portions 71 of the electrode
layers WL that protrude toward the hole h are formed.

As the formation method of the protrusion portions 71, a
method utilizing variations in the concentration of an impu-
rity in the electrode layers WL can be used.

When, as the electrode layer WL, a silicon layer contain-
ing, for example, boron (B) as an impurity is formed, the
concentration of boron in a portion where the protrusion
portion 71 is desired to be formed (or a layer including such
a portion) is set higher than those in the other portions.

When, in this state, for example, TMY (trimethyl-2-hy-
droxyethylammonium hydroxide) is used to etch the elec-
trode layer WL, an etching rate in the portion of low boron
concentration is higher than that in the portion of high con-
centration, and thus as shown in FIG. 7B, it is possible to
perform control such that the high boron concentration por-
tion is left as the protrusion portion 71.

After the formation of the protrusion portion 71 on the
electrode layer WL, the exposed surface side of the electrode
layer WL, which is a silicon layer, is nitrided, and as shown in
FIG. 7C, in the exposed surface side, the cap film 31 thatis a
silicon nitride film is formed.

For example, by introducing a NH; gas into a processing
room and performing, for 10 minutes, processing by a ther-
mal nitridation method of heating the substrate to 1050° C., it
is possible to nitride the electrode layer WL.

Alternatively, by introducing the NH; gas and a gas con-
taining fluorine (for example, a CF, gas, a SF gas or a NH
gas) into the processing room and performing, for 30 minutes,
processing by a plasma nitridation method of heating the
substrate to 900° C., it is possible to nitride the electrode layer
WL.

When the electrode layer WL is nitrided, as shown in FIG.
8A, the protrusion portion 71 of the electrode layer WL is
isotropically exposed, in a plurality of directions, to a gas 100
containing a nitriding seed (N), and the nitriding reaction
proceeds over the entire protrusion portion 71. Consequently,
as shownin FIG. 8B, in the cap film 31 formed by the nitriding
of the electrode layer WL, the film thickness of the portion
where the protrusion portion 61 is provided (a thickness in a
direction perpendicular to the interface with the electrode
layer WL) can be made larger than the film thickness of the
other portions where the protrusion portion 61 is not pro-
vided, and thus it is possible to increase the reliability.

The corner portion 70 of the electrode layer WL is also
isotropically exposed, in a plurality of directions, to the gas
100 containing the nitriding seed (N). Hence, by appropri-
ately controlling the conditions of the nitriding reaction (such
as a time and temperature), it is possible to form the corner
portion 70 (the interface between the corner portion 70 and
the cap film 31) of the electrode layer WL into the shape of a
curved surface.

As another method of forming the protrusion portion 71 on
the electrode layer WL, a method of crystallizing the elec-
trode layer WL before the TMY processing can also be used.

The electrode layer WL is formed as, for example, an
amorphous silicon layer, and, in such an amorphous silicon
state, the process is made to proceed to the step shown in FIG.
7A. Thereafter, for example, by introducing a nitrogen gas
(N2 gas) into the processing room and performing, for 30
minutes, processing of heating the substrate to 850° C., the
electrode layer WL is polycrystallized.
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In the TMY etching for the polycrystalline silicon, the
etching rate differs depending on the direction of the crystal-
line axis of each portion of the polycrystalline silicon, and
thus it is possible to form projections and recesses, that is, the
protrusion portion on the electrode layer WL.

In this case, it is difficult to control the position where the
protrusion portion is formed, and the protrusion portion is not
always formed in the corner portion. However, even in a
structure where the protrusion portion is formed on the side
wall of the electrode layer WL, it is possible to enhance
writing and deletion characteristics by the field assist effect
utilizing the protrusion portion.

Even when the protrusion portion is formed on the side
wall of the electrode layer WL, the nitriding processing
described above is performed, and thus it is possible to nitride
the entire protrusion portion. Consequently, even in the struc-
ture where the protrusion portion is provided on the side wall
of'the cap film 31, the film thickness of the portion where the
protrusion portion is provided on the cap film 31 (a thickness
in a direction perpendicular to the interface with the electrode
layer WL) can be made larger than the film thickness of the
other portions where the protrusion portion is not provided.

Second Embodiment

FIG. 9 is a schematic cross-sectional view of a memory cell
according to a second embodiment.

Even in the memory cell of the second embodiment,
between the individual electrode layers WL and the channel
bodies 20, the cap film 31, the block film 32, the charge
accumulation film 33 and the tunnel film 34 are provided
sequentially from the side of the electrode layer WL.

For example, the side of the surface of the electrode layer
WL, which is a silicon layer, is nitrided, and thus a silicon
nitride film is formed as the cap film 31.

Even in the second embodiment, each of the electrode
layers WL has the corner portion 70 that is continuous to the
end portion of the side wall, in the direction of the thickness,
facing the memory hole MH. In other words, the corner
portion 70 is continuous from the side wall on the side of the
memory hole MH of each of the electrode layers WL to the
interface with the insulating layer 25.

The film thickness a of a corner portion 62 of the cap film
31 covering the corner portion 70 of the electrode layer WL is
more than the film thickness b of the portions other than
corner portion 62 of the cap film 31.

The corner portion 70 of the electrode layer WL is formed
in the shape of a curved surface; the curvature of the corner
portion 70 of the electrode layer WL (the curvature of the
interface between the corner portion 70 of the electrode layer
WL and the cap film 31) is less than the curvature of the
protrusion portion 62 of the cap film 31 (the curvature of the
interface between the protrusion portion 62 and the block film
32).

It is therefore possible to alleviate the concentration of the
electric field into the corner portion 70 of the electrode layer
WL and reduce the degradation of the corner portion 62 of the
cap film 31. Consequently, it is possible to reduce the
decrease in the endurance (repeated rewriting) characteristic
and provide a highly reliable semiconductor memory device.

In the formation of the cap film 31, as in the first embodi-
ment, the process is made to proceed to the step shown in FIG.
10A, and thereafter the side of the exposed surface of the
electrode layer WL, which is the silicon layer, is nitrided, and
the cap film 31, which is the silicon nitride film, is formed on
the side of the exposed surface, as shown in FIG. 10B.

10

15

20

25

30

35

40

45

50

55

60

65

10

For example, by introducing the NH; gas into the process-
ing room and performing, for 10 minutes, processing by the
thermal nitridation method of heating the substrate to 1050°
C., it is possible to nitride the electrode layer WL. Alterna-
tively, by introducing the NH; gas and the gas containing
fluorine (for example, the CF, gas, the SF ¢ gas or the NH, gas)
into the processing room and performing, for 30 minutes,
processing by the plasma nitridation method of heating the
substrate to 900° C., it is possible to nitride the electrode layer
WL.

When the electrode layer WL is nitrided, the protrusion
portion 70 of the electrode layer WL is isotropically exposed,
in a plurality of directions, to a gas containing a nitriding seed
(N). Hence, in the corner portion 70, the isotropically nitrid-
ing reaction is facilitated in a plurality of directions, and, in
the cap film 31 formed by the nitriding of the electrode layer
WL, the film thickness of the corner portion 62 (a thickness in
a direction perpendicular to the interface with the electrode
layer WL) can be made larger than the film thickness of the
portions other than the corner portion 62. Furthermore, by
appropriately controlling the conditions of the nitriding reac-
tion (such as a time and temperature), itis possible to form the
corner portion 70 (the interface between the corner portion 70
and the cap film 31) of the electrode layer WL into the shape
of a curved surface.

Third Embodiment

FIGS. 11 A and 11B are schematic cross-sectional views of
a memory cell according to a third embodiment.

FIG. 11B shows a lower-layer memory cell 92 located on
the side of the substrate; FIG. 11A shows an upper-layer
memory cell 91 present in a layer higher than the lower-layer
memory cell 92. In FIGS. 11A and 11B, the central axis of the
memory hole MH common to the upper-layer memory cell 91
and the lower-layer memory cell 92 is represented by an
alternate long and short dashed line.

Currently, when the hole penetrating the stacked body
described above is formed, it is difficult to form the hole in
which the side wall is perpendicular to the surface of the
substrate, and, in cross section, the side wall of the hole is
easily formed in a shape having a V-shaped tapered part. That
is, as the hole deepens, the diameter of the hole tends to
gradually decrease, and the diameter of the hole of a lower
portion on the side of the substrate in the memory hole MH is
less than the diameter of the hole of an upper portion in a
position narrower than the lower portion.

As the number of stacked electrode layers WL is increased,
and the aspect ratio of the hole is increased, the difference in
the diameter of the hole between the upper layer and the lower
layer is increased. There is a concern that variations in the
diameter of the hole cause the applied electric field to be
changed between the upper and lower memory cells, and thus
variations are produced in the amount of degradation of the
insulating film and an electric charge holding characteristic
between the memory cells in writing and a deletion operation.

Specifically, when a voltage is input such that the same
tunnel electric field is obtained both in the upper-layer
memory cell 91 where the diameter of the hole is relatively
large and in the lower-layer memory cell 92 where the diam-
eter of the hole is relatively small, an electric field applied to
the block film is relatively increased in the upper-layer
memory cell 91, and thus the endurance characteristic is more
likely to be degraded.

In the third embodiment, as shown in FIGS. 11A and 11B,
the thickness of the cap film 31 around the upper portion of
the memory hole MH is made larger than the thickness of the
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cap film 31 around the lower portion of the memory hole MH.
Thus, it is possible to alleviate the difference in the electric
field between the upper and lower memory cells, to reduce
characteristic variations and to achieve a high reliability.

Inthe upper portion of the hole which is placed in a position
narrower than the lower portion of the hole and in which the
diameter of the hole is larger, when the nitriding processing is
performed to form the cap film 31, the concentration of nitro-
gen (or a gas containing nitrogen) becomes higher than that in
the lower portion of the hole, and the nitriding reaction is
facilitated, with the result that it is possible to form a thicker
silicon nitride film (the cap film 31).

According to the embodiment, a method of manufacturing
a semiconductor memory device includes: a process of stack-
ing a plurality of electrode layers on a substrate; a process of
forming a hole that penetrates the electrode layers in a direc-
tion of stacking; and a process of introducing a reactive spe-
cies of the electrode layers into a side wall on a side of the hole
in the electrode layers and a corner portion continuous to the
side wall and of forming a cap film on the side wall and the
corner portion such that a film thickness of the cap film is
larger in the corner portion than in the side wall.

According to the embodiment, the side wall and the corner
portion of the electrode layer that is a silicon layer are nitrided
such that a silicon nitride film is formed as the cap film.

According to the embodiment, the method of manufactur-
ing the semiconductor memory device further includes a pro-
cess of forming the hole and thereafter wet etching the elec-
trode layer so as to form, in the side wall and the corner
portion, a protrusion portion that protrudes toward the hole.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the invention.

What is claimed is:
1. A semiconductor memory device comprising:
a substrate;

a stacked body including a plurality of electrode layers
stacked on the substrate via an insulating material, the
electrode layers having side surfaces along a stacking
direction of the stacked body;

a cap film provided on the side surfaces of the electrode
layers and in contact with the electrode layers;

an insulating film provided on a side wall of the cap film
and including a charge accumulation film; and

a channel body provided on a side wall of the insulating
film,

the cap film including a protrusion portion protruding
toward the channel body away from the side surfaces of
the electrode layers, and

in the cap film, a film thickness of a portion where the
protrusion portion is provided in a direction in which the
protrusion portion protrudes being larger than a film
thickness of the other portions where the protrusion
portion is not provided,
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wherein

the cap film is a silicon nitride film, and

the insulating film includes:

a block film provided between the cap film and the
charge accumulation film and has a nitrogen concen-
tration lower than the cap film and

atunnel film provided between the charge accumulation
film and the channel body.

2. The device according to claim 1, wherein

the electrode layers include corner portions between the
side surfaces and end surfaces in the stacking direction,

the protrusion portion is provided in the corner portions of
the electrode layers and

curvature of the corner portions of the electrode layers are
lower than a curvature of the protrusion portion.

3. The device according to claim 1, wherein the insulating

material between the electrode layers includes the cap film.

4. The device according to claim 3, wherein the insulating

material between the electrode layers further includes the
charge accumulation film.

5. A semiconductor memory device comprising:

a substrate;

a stacked body including a plurality of electrode layers and
aplurality of insulating layers, both of them being alter-
nately stacked on the substrate;

a cap film provided in contact with the electrode layer
within a hole formed to penetrate the stacked body;

an insulating film provided on a side wall of the cap film
and including a charge accumulation film; and

a channel body provided on a side wall of the insulating
film,

the cap film including a protrusion portion protruding
toward the insulating film, and in the cap film, a film
thickness of a portion where the protrusion portion is
provided in a direction in which the protrusion portion
protrudes being larger than a film thickness of the other
portions where the protrusion portion is not provided,
wherein

the cap film is a silicon nitride film, and

the insulating film includes:

a block film provided between the cap film and the
charge accumulation film and has a nitrogen concen-
tration lower than the cap film and

atunnel film provided between the charge accumulation
film and the channel body.

6. A semiconductor memory device comprising:

a substrate;

a stacked body including a plurality of electrode layers
stacked on the substrate via an insulating material, the
electrode layers having side surfaces along a stacking
direction of the stacked body;

a cap film provided on the side surfaces of the electrode
layers and in contact with the electrode layers, the cap
film including a protrusion portion protruding toward
the channel body away from the side surfaces of the
electrode layers;

an insulating film provided on a side wall of the cap film
and including a charge accumulation film; and

a channel body provided on a side wall of the insulating
film,

the electrode layers including corner portions between the
side surfaces and end surfaces in the stacking direction,

the cap film including corner portions covering the corner
portions of the electrode layers,

curvature of the corner portions of the electrode layers
being lower than curvature of the corner portions of the
cap film, and



US 9,209,295 B2

13

film thickness of the corner portions of the cap film being
larger than film thickness of portions other than the
corner portions of the cap film

wherein

the cap film is a silicon nitride film, and

the insulating film includes:

a block film provided between the cap film and the
charge accumulation film and has a nitrogen concen-
tration lower than the cap film and

atunnel film provided between the charge accumulation
film and the channel body.

7. The device according to claim 6, wherein

the cap film, the insulating film, and the channel body are
provided in a hole penetrating the stacked body,

a hole diameter of a lower portion of the hole on a side of
the substrate is smaller than a hole diameter of an upper
portion in a position narrower than the lower portion,
and

a film thickness of'the cap film around the upper portion of
the hole is larger than a film thickness of the cap film
around the lower portion of the hole.

8. The device according to claim 6, wherein the insulating

material between the electrode layers includes the cap film.

9. The device according to claim 8, wherein the insulating

material between the electrode layers further includes the
charge accumulation film.
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10. A semiconductor memory device comprising:

a substrate;

a stacked body including a plurality of electrode layers and
aplurality of insulating layers, both of them being alter-
nately stacked on the substrate;

a cap film provided in contact with the electrode layer
within a hole formed to penetrate the stacked body;

an insulating film provided on a side wall of the cap film
and including a charge accumulation film; and

a channel body provided on a side wall of the insulating
film,

the electrode layer including a corner portion continuous to
an end portion in a direction of thickness,

the cap film including a corner portion covering the corner
portion of the electrode layer,

a curvature of the corner portion of the electrode layer
being lower than a curvature of the corner portion of the
cap film and
a film thickness of the corner portion of the cap film

being larger than a film thickness of portions other
than the corner portion of the cap film, wherein

the cap film is a silicon nitride film, and

the insulating film includes:

a block film provided between the cap film and the
charge accumulation film and has a nitrogen concen-
tration lower than the cap film and

atunnel film provided between the charge accumulation
film and the channel body.

#* #* #* #* #*
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